The single-mode microring resonators on lithium niobate thin films were designed and simulated using 2.5-D variational finite difference time domain mode simulations from Lumerical mode Solutions. The single-mode conditions and the propagation losses of lithium niobate planar waveguide with different SiO 2 cladding layer thicknesses were studied and compared systematically. The optimization of design parameters such as radii of microrings and gap sizes between channel and ring waveguides were determined. The key issues affecting the resonator design such as free spectral range and Quality Factor were discussed. The microring resonators had radius R = 20 µm, and their transmission spectrum had been tuned using the electro-optical effect.
Introduction
Lithium niobate (LiNO 3 , LN) is one of the most promising materials because of its excellent electro-optical, piezoelectric, pyroelectric, photo-elastic and non-linear properties [1] . Due to the high electro-optical coefficient (γ 33 = 31.2 pm/V) in LN, highly efficient electro-optical modulator in such material is very promising and always an interesting topic in optical interconnect technology [2] . In last ten years, high-refractive-index contrast, which is LN thin film on a low refractive index SiO 2 cladding layer or other substrates (lithium niobate on insulator, LNOI) has emerged, as it is compatible with the silicon on insulator (SOI) manufacturing technology [3] . LNOI is an interesting platform for integrated photonics due to the good confinement and strong guiding of light [4] .
The microring resonator is one of the important elements in integrated photonic systems. Optical microring resonators are the promising candidates for a variety of applications, including wavelength filtering, multiplexing, switching and modulation [5] [6] [7] . The basic structure of the microring resonator consists of a channel and a ring. The microring resonators have been designed on various types of materials such as silicon [8] , germanium-doped silica-on-silicon [9] , polymers [10] , lithium niobate [11] [12] [13] and so forth. The utmost waveguide width with the single-mode behavior is the optimum condition, because no higher order modes were excited and the fundamental mode had the highest light confinement [14] . Therefore, the single-mode condition in the waveguide should be fulfilled in order to prevent signal distortion during transmission. Many articles have reported the fabrication of microring resonators in LN on insulator [11] [12] [13] and simulation of microring resonators in SOI [15, 16] , but few reports have involved the simulation of single-mode microring resonators in LNOI in the literature so far. Therefore, a search for the simulation and analysis of single-mode microring resonators in LNOI seems to be important. Our work has focused on LNOI-based devices in order to obtain a high Quality Factor (Q-factor) and wide free spectral range (FSR) that are crucial in developing ultra-compact integrations of planar lightwave circuits [4, 17, 18] .
In this paper, we presented results from finite difference time domain (FDTD) numerical simulations. Key optical design parameters of laterally coupled LNOI-based microring resonators were characterized using 2.5-D variational FDTD (varFDTD). Waveguide simulations based on full-vectorial finite difference method were performed by varying the geometrical parameters of waveguide configurations to investigate the single-mode conditions and the propagation losses of LN planar waveguides at different SiO 2 cladding layer thicknesses. In order to obtain an improved wavelength filtering, we performed the optimization for the design parameters which includes ring radii and gap sizes. These parameters affected FSR and Q-factor directly. As a very important element for practical application we described the electro-optical tunable microring resonators on LNOI.
Device Description
The material of the device studied in this paper was a z-cut LN thin film stuck to SiO 2 cladding layer deposited on a LN substrate. The schematic of a microring resonator is shown in Figure 1 . The modulator consisted of a ring resonator made by the z-cut LN thin film, which was coupled to a channel. If the signal was on-resonance with the ring, then that signal coupled into the cavity from channel. The device parameters such as ring radii and gap sizes between channel and ring resonator were optimized to have the optimum characteristics. LNOI in the literature so far. Therefore, a search for the simulation and analysis of single-mode microring resonators in LNOI seems to be important. Our work has focused on LNOI-based devices in order to obtain a high Quality Factor (Q-factor) and wide free spectral range (FSR) that are crucial in developing ultra-compact integrations of planar lightwave circuits [4, 17, 18] . In this paper, we presented results from finite difference time domain (FDTD) numerical simulations. Key optical design parameters of laterally coupled LNOI-based microring resonators were characterized using 2.5-D variational FDTD (varFDTD). Waveguide simulations based on fullvectorial finite difference method were performed by varying the geometrical parameters of waveguide configurations to investigate the single-mode conditions and the propagation losses of LN planar waveguides at different SiO2 cladding layer thicknesses. In order to obtain an improved wavelength filtering, we performed the optimization for the design parameters which includes ring radii and gap sizes. These parameters affected FSR and Q-factor directly. As a very important element for practical application we described the electro-optical tunable microring resonators on LNOI.
The material of the device studied in this paper was a z-cut LN thin film stuck to SiO2 cladding layer deposited on a LN substrate. The schematic of a microring resonator is shown in Figure 1 . The modulator consisted of a ring resonator made by the z-cut LN thin film, which was coupled to a channel. If the signal was on-resonance with the ring, then that signal coupled into the cavity from channel. The device parameters such as ring radii and gap sizes between channel and ring resonator were optimized to have the optimum characteristics. The varFDTD method with perfectly matched layers boundary conditions (PML) in this work could show how to design and simulate a microring resonator using the finite difference eigen (FDE) mode solver to achieve a desired FSR and Q factor for a LNOI based. The varFDTD method was a direct time and space solution for solving Maxwell's equations in complex geometries. By performing Fourier transforms, such as the Poynting vector, normalized transmission, and far field projections could be obtained. PML boundaries could absorb electromagnetic energy incident upon them, allowing radiation to propagate out of the computational area without interfering with the field inside [19] . The total ring loss was due to the bend loss and other scattering losses at the coupling region. For the high index contrast wave-guides we were considering, at wavelengths around 1.55 μm, the propagation loss and bend loss were small. For this analysis we would neglect all losses, but the different loss contributions could easily be considered in a more detailed analysis [20] . The varFDTD method with perfectly matched layers boundary conditions (PML) in this work could show how to design and simulate a microring resonator using the finite difference eigen (FDE) mode solver to achieve a desired FSR and Q factor for a LNOI based. The varFDTD method was a direct time and space solution for solving Maxwell's equations in complex geometries. By performing Fourier transforms, such as the Poynting vector, normalized transmission, and far field projections could be obtained. PML boundaries could absorb electromagnetic energy incident upon them, allowing radiation to propagate out of the computational area without interfering with the field inside [19] . The total ring loss was due to the bend loss and other scattering losses at the coupling region. For the high index contrast wave-guides we were considering, at wavelengths around 1.55 µm, the propagation loss and bend loss were small. For this analysis we would neglect all losses, but the different loss contributions could easily be considered in a more detailed analysis [20] .
Results and Discussion
The high refractive index difference between the LN (n o = 2.2129 and n e = 2.1395 at λ = 1.55 µm) [21] and the SiO 2 (n = 1.46) required the waveguide thickness and the waveguide width to be smaller than a limiting value to achieve single-mode operation. The single mode conditions had been firstly simulated.
We had calculated the modal curves at λ = 1.55 µm for LN ridge waveguides with 0.7 µm width on SiO 2 layer. The effective index dependence on the thickness is presented in Figure 2 . The first order mode of the transverse electric (TE) and transverse magnetic (TM) modes appeared at the LN thicknesses of 0.86 µm and 0.84 µm, respectively. To ensure that only one electric field intensity peak was supported in the vertical direction of the LN thin film, the thickness of LN thin film should be less than this critical value. In the following simulation, the thickness of LN thin film was all selected as 0.5 µm. 
The high refractive index difference between the LN (no = 2.2129 and ne = 2.1395 at λ = 1.55 μm) [21] and the SiO2 (n = 1.46) required the waveguide thickness and the waveguide width to be smaller than a limiting value to achieve single-mode operation. The single mode conditions had been firstly simulated.
We had calculated the modal curves at λ = 1.55 μm for LN ridge waveguides with 0.7 μm width on SiO2 layer. The effective index dependence on the thickness is presented in Figure 2 . The first order mode of the transverse electric (TE) and transverse magnetic (TM) modes appeared at the LN thicknesses of 0.86 μm and 0.84 μm, respectively. To ensure that only one electric field intensity peak was supported in the vertical direction of the LN thin film, the thickness of LN thin film should be less than this critical value. In the following simulation, the thickness of LN thin film was all selected as 0.5 μm. The dependence of the effective index on the waveguide width, assuming a 0.5-μm thick waveguide is shown in Figure 3 . The curves showed the boundary between the single-mode and multi-mode conditions. For LN ridge waveguides, the single mode conditions of the TE and TM modes were 1.08 μm and 1.04 μm, respectively. In the following simulations, the widths of LN ridges were all selected as 0.7 μm to ensure that only one mode was supported in the LN thin film. The dependence of the effective index on the waveguide width, assuming a 0.5-µm thick waveguide is shown in Figure 3 . The curves showed the boundary between the single-mode and multi-mode conditions. For LN ridge waveguides, the single mode conditions of the TE and TM modes were 1.08 µm and 1.04 µm, respectively. In the following simulations, the widths of LN ridges were all selected as 0.7 µm to ensure that only one mode was supported in the LN thin film. The SiO2 layer worked as the cladding layer with a thickness of a limiting value, which was sufficiently thick to prevent the field penetration into the bottom layer. The propagation losses of LN planar waveguide with the different SiO2 layer thicknesses are shown in Figure 4 . The propagation losses descended with increasing SiO2 cladding layer thicknesses. At the same SiO2 layer thickness, the propagation losses of TE modes were less than those of the TM modes. The diffracted field radiated in the transmission of light, some power was lost into the substrate, but the structure of LNSiO2-Au had a metal bottom reflector, the power transmitted to the substrate was reflected by the Au bottom reflector, which resulted a decrease of the propagation losses [22] . The propagation losses of LN-SiO2-Au were less than those of LN-SiO2-LN at the same SiO2 layer thickness. At a SiO2 layer thickness of 2 μm, the LN planar waveguide losses were all less than 10 −3 dB/cm, which is negligible. Therefore, the thicknesses of SiO2 layer were all selected as 2 μm in the following simulation.
A critical dimension in this optical structure was the gap separating the ring from the tangential waveguide. The gap size determined the input and output couple ratios of the microring resonator, which determined the magnitude of the finesse and the at-resonance transmittance in turn. In the case of a microring coupled to channel, the gaps were very small due to the strong optical confinement and the small coupling interaction length [14] . The SiO 2 layer worked as the cladding layer with a thickness of a limiting value, which was sufficiently thick to prevent the field penetration into the bottom layer. The propagation losses of LN planar waveguide with the different SiO 2 layer thicknesses are shown in Figure 4 . The propagation losses descended with increasing SiO 2 cladding layer thicknesses. At the same SiO 2 layer thickness, the propagation losses of TE modes were less than those of the TM modes. The diffracted field radiated in the transmission of light, some power was lost into the substrate, but the structure of LN-SiO 2 -Au had a metal bottom reflector, the power transmitted to the substrate was reflected by the Au bottom reflector, which resulted a decrease of the propagation losses [22] . The propagation losses of LN-SiO 2 -Au were less than those of LN-SiO 2 -LN at the same SiO 2 layer thickness. At a SiO 2 layer thickness of 2 µm, the LN planar waveguide losses were all less than 10 −3 dB/cm, which is negligible. Therefore, the thicknesses of SiO 2 layer were all selected as 2 µm in the following simulation. The SiO2 layer worked as the cladding layer with a thickness of a limiting value, which was sufficiently thick to prevent the field penetration into the bottom layer. The propagation losses of LN planar waveguide with the different SiO2 layer thicknesses are shown in Figure 4 . The propagation losses descended with increasing SiO2 cladding layer thicknesses. At the same SiO2 layer thickness, the propagation losses of TE modes were less than those of the TM modes. The diffracted field radiated in the transmission of light, some power was lost into the substrate, but the structure of LNSiO2-Au had a metal bottom reflector, the power transmitted to the substrate was reflected by the Au bottom reflector, which resulted a decrease of the propagation losses [22] . The propagation losses of LN-SiO2-Au were less than those of LN-SiO2-LN at the same SiO2 layer thickness. At a SiO2 layer thickness of 2 μm, the LN planar waveguide losses were all less than 10 −3 dB/cm, which is negligible. Therefore, the thicknesses of SiO2 layer were all selected as 2 μm in the following simulation.
A critical dimension in this optical structure was the gap separating the ring from the tangential waveguide. The gap size determined the input and output couple ratios of the microring resonator, which determined the magnitude of the finesse and the at-resonance transmittance in turn. In the case of a microring coupled to channel, the gaps were very small due to the strong optical confinement and the small coupling interaction length [14] . A critical dimension in this optical structure was the gap separating the ring from the tangential waveguide. The gap size determined the input and output couple ratios of the microring resonator, which determined the magnitude of the finesse and the at-resonance transmittance in turn. In the case of a microring coupled to channel, the gaps were very small due to the strong optical confinement and the small coupling interaction length [14] .
Because the FSR defined as the separation between two adjacent resonant wavelengths, increased and might become even larger than the wavelength range used for wavelength division multiplex (WDM) applications. However, one of the most critical factors limiting the minimum useful ring radius was the bending loss. These could be qualitatively understood by describing the bend as a straight waveguide, while the effective index was decreasing function in the radial direction. This implied that at a certain distance from the waveguide core, the solution of the Maxwell equations became a radiating field; this radiation was a loss source, as in a leaky waveguide [11] .
Using varFDTD, we have calculated Q-factor, bending loss and FSR for a single-mode waveguide at different ring radii and gap sizes (channel and ring width w = 0.7 µm, λ = around 1.55 µm). The results are shown in Figures 5 and 6 . According to the Figure 5a , when the radius was smaller than 20 µm, the Q-factor significantly ascended with increased radii, while it was larger than 20 µm, it preserved almost unchangeable values. We also observed that Q-factor ascended with increasing gap sizes and the TE and TM modes showed different results in terms of the achievable Q-factor for this geometry. In the case of gap = 0.29 µm, a Q-factor more than 10,000 was achieved for the TE mode whilst for the TM mode the Q-factor was significantly smaller~2000. Figure 5b shows Bending loss descended with increasing ring radius, and the bending losses are very low as the radii more than 20 µm. Loss in practical structures would inevitably come up for the following two reasons: on one hand, the scattering by the residual roughness of the etched walls of the photonic wires [17] , on the other hand, the modal mismatch at the interface between SiO 2 layer and LN thin film [23] . However, the losses of the LN waveguides could be reduced as much as possible by optimizing the fabrication process of waveguides. At 1590 nm wavelength, the propagation losses of sub-wavelength scale LN waveguides could be as low as 2.7 dB/m by Ar + ion etching [12] . As shown in Figure 6 , FSR descended with increasing ring radius. Both TE and TM modes achieved the largest FSR for the ring with the smallest radius 3 µm. When the radius was larger than 40 µm and the gap size was 0.1 µm, the FWHM (full-width at half-maximum) of the dip was close to the FSR, the dip became less obvious. Because the effective index of TE mode was larger than that of TM mode, the Q-factor of TE mode was greater than that of TM mode, and FSR of TE mode was less than that of TM mode. Because the FSR defined as the separation between two adjacent resonant wavelengths, increased and might become even larger than the wavelength range used for wavelength division multiplex (WDM) applications. However, one of the most critical factors limiting the minimum useful ring radius was the bending loss. These could be qualitatively understood by describing the bend as a straight waveguide, while the effective index was decreasing function in the radial direction. This implied that at a certain distance from the waveguide core, the solution of the Maxwell equations became a radiating field; this radiation was a loss source, as in a leaky waveguide [11] .
Using varFDTD, we have calculated Q-factor, bending loss and FSR for a single-mode waveguide at different ring radii and gap sizes (channel and ring width w = 0.7 μm, λ = around 1.55 μm). The results are shown in Figure 5 and Figure 6 . According to the Figure 5a , when the radius was smaller than 20 μm, the Q-factor significantly ascended with increased radii, while it was larger than 20 μm, it preserved almost unchangeable values. We also observed that Q-factor ascended with increasing gap sizes and the TE and TM modes showed different results in terms of the achievable Q-factor for this geometry. In the case of gap = 0.29 μm, a Q-factor more than 10,000 was achieved for the TE mode whilst for the TM mode the Q-factor was significantly smaller ~2000. Figure 5b shows Bending loss descended with increasing ring radius, and the bending losses are very low as the radii more than 20 μm. Loss in practical structures would inevitably come up for the following two reasons: on one hand, the scattering by the residual roughness of the etched walls of the photonic wires [17] , on the other hand, the modal mismatch at the interface between SiO2 layer and LN thin film [23] . However, the losses of the LN waveguides could be reduced as much as possible by optimizing the fabrication process of waveguides. At 1590 nm wavelength, the propagation losses of sub-wavelength scale LN waveguides could be as low as 2.7 dB/m by Ar + ion etching [12] . As shown in Figure 6 , FSR descended with increasing ring radius. Both TE and TM modes achieved the largest FSR for the ring with the smallest radius 3 μm. When the radius was larger than 40 μm and the gap size was 0.1 μm, the FWHM (full-width at half-maximum) of the dip was close to the FSR, the dip became less obvious. Because the effective index of TE mode was larger than that of TM mode, the Q-factor of TE mode was greater than that of TM mode, and FSR of TE mode was less than that of TM mode. The electro-optical properties of LN microring resonator have been simulated by applying a static electric field to the device electrodes to shift transmission spectrum. In Figure 7 , a LN microring resonator is embedded in the middle of SiO2 layer, and the electrodes are placed over below and above the SiO2 layer. A tuning range of microring resonators depend on the strength of the electrooptical effect. However, the electric field achieved in the LN film was relatively weak because the upper and lower cladding materials exhibited one order of magnitude smaller dielectric constants. Due to the large difference between the dielectric constant of the LN thin film (εLN = 28.5) and the SiO2 (εSiO 2 = 3.9), the field in the LN thin film was considerably far less than in the SiO2 layer. The field in the two layers could be calculated from the applied voltage ΔV using the continuity of the vertical component of the electric displacement field D:
dLN and dSiO 2 were the thicknesses of LN thin film and SiO2 layer, which have been determined.
Therefore, the electric field in the LN thin film layer is given by Equations (1) and (2). The electro-optical properties of LN microring resonator have been simulated by applying a static electric field to the device electrodes to shift transmission spectrum. In Figure 7 , a LN microring resonator is embedded in the middle of SiO 2 layer, and the electrodes are placed over below and above the SiO 2 layer. A tuning range of microring resonators depend on the strength of the electro-optical effect. However, the electric field achieved in the LN film was relatively weak because the upper and lower cladding materials exhibited one order of magnitude smaller dielectric constants. Due to the large difference between the dielectric constant of the LN thin film (ε LN = 28.5) and the SiO 2 (ε SiO 2 = 3.9), the field in the LN thin film was considerably far less than in the SiO 2 layer. The field in the two layers could be calculated from the applied voltage ∆V using the continuity of the vertical component of the electric displacement field D:
d LN and d SiO 2 were the thicknesses of LN thin film and SiO 2 layer, which have been determined. Therefore, the electric field in the LN thin film layer is given by Equations (1) and (2). The electro-optical properties of LN microring resonator have been simulated by applying a static electric field to the device electrodes to shift transmission spectrum. In Figure 7 , a LN microring resonator is embedded in the middle of SiO2 layer, and the electrodes are placed over below and above the SiO2 layer. A tuning range of microring resonators depend on the strength of the electrooptical effect. However, the electric field achieved in the LN film was relatively weak because the upper and lower cladding materials exhibited one order of magnitude smaller dielectric constants. Due to the large difference between the dielectric constant of the LN thin film (εLN = 28.5) and the SiO2 (εSiO 2 = 3.9), the field in the LN thin film was considerably far less than in the SiO2 layer. The field in the two layers could be calculated from the applied voltage ΔV using the continuity of the vertical component of the electric displacement field D:
dLN and dSiO 2 were the thicknesses of LN thin film and SiO2 layer, which have been determined. Therefore, the electric field in the LN thin film layer is given by Equations (1) and (2). Optical transmission simulations were performed to characterize the electrical tuning of optical resonances. To observe the electro-optic effect, an electric field applied between the top and the bottom electrodes by applying different direct current (DC) voltages was considered uniform. Figure 8 shows the simulated TM-mode spectrum as a function of different electric field intensities. The resonance wavelength shifted ascending with increasingly electric field intensity. The resonance shifts were 99 pm, 198 pm, 297 pm, and 395 pm for the chance in different electric field intensities from 0 V/µm to 1 V/µm, 2 V/µm, 3 V/µm, and 4 V/µm, respectively. Optical transmission simulations were performed to characterize the electrical tuning of optical resonances. To observe the electro-optic effect, an electric field applied between the top and the bottom electrodes by applying different direct current (DC) voltages was considered uniform. Figure  8 shows the simulated TM-mode spectrum as a function of different electric field intensities. The resonance wavelength shifted ascending with increasingly electric field intensity. The resonance shifts were 99 pm, 198 pm, 297 pm, and 395 pm for the chance in different electric field intensities from 0 V/μm to 1 V/μm, 2 V/μm, 3 V/μm, and 4 V/μm, respectively. 
Conclusions
In conclusion, a VarFDTD method was used to design and simulate various waveguides and waveguide-coupled single-mode microring resonators in z-cut LNOI. Single mode conditions were obtained. The propagation losses of LN planar waveguides were calculated by full-vectorial finite difference method. The propagation losses of LN planar waveguides decreased with the increase of the SiO2 cladding layer thickness. The thickness of LN Film, width of ridge waveguide and thickness of SiO2 layer were optimized to 0.5 μm, 0.7 μm and 2 μm, respectively. Q-factor ascended with increasing radius and gap sizes, while FSR descended with increasing radius. A microring resonator with Q-factor more than 10,000 and FSR more than 8 nm was achieved in the case of gap = 0.29 μm and radius R = 20 μm. Our simulation showed that the resonance wavelength of the electro-optical microresonators in LNOI shifted ascending with increasingly electric field intensity. This work will continue with fabrication and characterization. For this purpose, the results provided here will be of useful guidance before laboratory works are carried out.
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In conclusion, a VarFDTD method was used to design and simulate various waveguides and waveguide-coupled single-mode microring resonators in z-cut LNOI. Single mode conditions were obtained. The propagation losses of LN planar waveguides were calculated by full-vectorial finite difference method. The propagation losses of LN planar waveguides decreased with the increase of the SiO 2 cladding layer thickness. The thickness of LN Film, width of ridge waveguide and thickness of SiO 2 layer were optimized to 0.5 µm, 0.7 µm and 2 µm, respectively. Q-factor ascended with increasing radius and gap sizes, while FSR descended with increasing radius. A microring resonator with Q-factor more than 10,000 and FSR more than 8 nm was achieved in the case of gap = 0.29 µm and radius R = 20 µm. Our simulation showed that the resonance wavelength of the electro-optical microresonators in LNOI shifted ascending with increasingly electric field intensity. This work will continue with fabrication and characterization. For this purpose, the results provided here will be of useful guidance before laboratory works are carried out.
